Phosphorus has received recent attention in the context of high-capacity and high-rate anodes for lithium and sodium-ion batteries. Here, we present a first principles structure prediction study combined with NMR calculations which gives us insights into its lithiation/sodiation process. We report a variety of new phases phases found by AIRSS and the atomic species swapping methods. Of particular interest, a stable Na 5 P 4 -C2/m structure and locally stable structures found less than 10 meV/f.u. from the convex hull, such as Li 4 P 3 -P2 1 2 1 2 1 , NaP 5 -Pnma and Na 4 P 3 -Cmcm. The mechanical stability of Na 5 P 4 -C2/m and Li 4 P 3 -P2 1 2 1 2 1 has been studied by first principles phonon calculations . We have calculated average voltages which suggests that black phosphorus (BP) can be considered as a safe anode in lithium-ion batteries due to its high lithium insertion voltage, 1.5 V; moreover, BP exhibits a relatively low theoretical volume expansion compared with other intercalation anodes, 216% (∆V /V ). We identify that specific ranges in the calculated shielding can be associated with specific ionic arrangements, results which play an important role in the interpretation of NMR spectroscopy experi- *
Introduction
Owing to their relatively high specific energy and capacity, Li-ion batteries (LIBs) are the energy source of choice for portable electronic devices. 1 Despite the vast technological advances made since the first commercial LIB was released by Sony in 1991, the specific energy of commercial LIBs is limited to approximately 250 Whkg −1 , which is half the estimated need for a family car to travel 300 miles without recharge. 2 The demand of higher specific energies and capacities motivates the study of novel materials for the next generation of LIBs. In almost all conventional LIBs available for commercial use the cathode is typically a transition layered metal oxide, LiMO 2 , with M=Co, Ni, Mn, etc, and the anode material is graphite. [2] [3] [4] Intercalation electrodes experience slight changes during charge and discharge, e.g., less than 7% volume change in C negative electrodes, 3 leading to a high capability of retaining their capacity over charge/discharge cycles. However, these electrodes suffer from low specific capacity due to the limited intercalation sites available for Li ions 1 arXiv:1510.03248v1 [cond-mat.mtrl-sci] 12 Oct 2015 in the host lattice, 5 e.g., 372 mAhg −1 for graphite. In order to overcome the capacity limitation of intercalation anodes, it has been suggested to use different alloys of lithium as LIB anodes. 3, [5] [6] [7] [8] [9] A wide range of materials have been studied for this purpose, such as group IV and V elements, magnesium, aluminium and gallium among others. 3, 7 Alloy materials can achieve 2-10 times higher capacity compared to graphite anodes, where the highest capacity is achieved by silicon, 3579 mAhg −1 . 10 However, alloys tend to undergo relatively large structural changes under lithiation, 2, 3, 7, 10 leading to a poor cycle life.
Due to the high abundance, low cost, and relatively uniform geographical distribution of Na, Na-ion batteries (NIBs) have received recent attention. Despite some disadvantages, such as its larger ionic radius (1.02 Å compared to 0.76 Å for Li) and the lower cell potential of most Na systems, 11 NIBs are considered to be one of the most promising alternatives to meet large-scale electronic storage needs. 12 In spite of similarities between elemental Li and Na, Na systems present significantly different kinetic and thermodynamic properties. 9 The widely used graphite negative anode in LIBs is not successful for NIBs 13 due to a poor specific capacity and bad cyclability. The Si alloy suggested for LIBs is not suitable for NIBs as the Na concentration in Na-Si systems is limited to 50 %, 12 therefore most recent studies have focused on Na-Sn and Na-Sb systems. 12 Reaction of phosphorus with three Li or Na atoms produces Li 3 P 14 and Na 3 P 15 respectively; which corresponds to a large theoretical capacity of 2596 mAhg −1 and theoretical volume expansion ∆V /V of 216 % for Li 3 P and 391 % for Na 3 P from black phosphorus (BP). Of the several known allotropes, black phosphorus, red phosphorus, and the recently synthesised phosphorene 16 have been studied as candidates for LIB and NIB anodes [17] [18] [19] . Recent experimental studies 9, [20] [21] [22] [23] [24] [25] showed that the addition of carbon to the phosphorus anode leads to an improvement in the reversibility of charge/discharge processes, probably due to an enhancement in its electrical conductivity and mechanical stability. The study conducted by Qian et al., 9, 24 showed that amorphous phosphorus/carbon nano composite anodes are capable of achieving relatively high storage capacities per total mass of composite, 2355 mAhg −1 for LIBs and 1765 mAhg −1 for NIBs, good capacity retention after 100 cycles and high power capabilities at high charge/discharge rates. All the experimental studies agree that Li 3 P and Na 3 P are formed during the discharge process; however, the formation of other phases during the lithiation/sodiation process remains unclear. In the case of LIBs, differential capacity plots suggest the formation of Li x P phases, however the assignment of the XRD spectra can be challenging. 9, 19, 20, 24 In a study presented by Sun et al. 21 it has been suggested, based on ex situ XRD, that crystal phases of Li-P form at the end of the charge.
During Li/Na insertion and extraction, anodes are expected to form non-equilibrium structures. Evidence of a metastable structure formation in the Li-P system has been reported by Park et al., 20 where the authors suggested the formation of Li 2 P phase during the first discharge based on an electrochemical study. In the case of the well studied Li-Si system, the lithiation induces an electrochemical solid phase amorphisation, where the crystalline Si is consumed to form a Li x Si amorphous phase; 5 nevertheless, the equilibrium crystalline compounds are generally used as a first step in order to study the electromechanical process (See Ref. 12 and references therein).
Ab initio techniques have been shown to be successful in giving insights into a better understanding of different processes occurring in an electrode. 26 From total energies, important properties of an electrode like voltage profiles and volume change can be estimated. In addition, NMR parameters can be calculated for certain systems offering a powerful method to understand the local structure of the studied system as well as a way of complementing experimental studies.
In this work, we present an ab initio study of Li-P and Na-P compounds. We first perform a structure prediction study combining atomic species swapping along with ab initio random structure searching methods for the Li-P and Na-P systems. We report various new stable and metastable structures and suggest connections between lithium/sodium contents and expected ionic arrangements. Lithiation/sodiation processes are assessed by calculating average voltage profiles, electronic density of states and NMR chemical shifts of the ground state phases, allowing us to predict the local environment evolution of P under lithiation/sodiation. We conclude showing the effect of dopants on the electronic structure of Li-P compounds, where we propose doping the anode with aluminium in order to improve the anode performance.
Methods
Structure prediction was performed using the ab initio random structure searching method (AIRSS). 27 For a given system, AIRSS initially generates random structures which are then relaxed to a local minima in the potential energy surface (PES) using DFT forces. By generating large numbers of relaxed structures it is possible to widely cover the PES of the system. Based on general physical principles and system-specific constraints, the search can be biased in a variety of sensible ways. 28 The phase space explored by the AIRSS method was extended by relaxing experimentally obtained crystal structures. All combinations of {Li,Na,K}-{N,P,As,Sb} crystal structures at different stoichiometries were obtained from the International Crystallographic Structure Database (ICSD). For each structure, the anions and cations were swapped to Li/Na and P respectively and then relaxed using DFT forces. The AIRSS + species swapping method been successfully used for Li-Si, 29 Li-Ge 29,30 and Li-S 31 systems. Furthermore, a study on point defects in silicon has been presented 32, 33 using the AIRSS method.
AIRSS calculations were undertaken using the CASTEP DFT plane-wave code. 34 The gradient corrected Perdew Burke Ernzerhof (PBE) exchange-correlation functional 35 was used in all the calculations presented in this work. The core electrons were described using Vanderbilt "ultrasoft" pseudopotentials, the Brillouin zone was sampled using a Monkhorst-Pack grid 36 with a kpoint spacing finer than 2π × 0.05 Å −1 . The plane wave basis set was truncated at an energy cutoff value of 400 eV for Li-P and 500 eV for Na-P. The thermodynamical phase stability of a system was assessed by comparing the free energy of different phases. From the available DFT total energy of a given binary phase of elements A and B, E{A x B y }, it is possible to define a formation energy per atom,
The formation energies of each structure were then plotted as function of the B element concentration, C B = y x+y , starting at C B = 0 and ending at C B = 1. A convex hull was constructed between the chemical potentials at (C B , E f /atom) = (0, 0); (1, 0) drawing a tie-line that joins the lowest energy structures, provided that it forms a convex function. This construction gives access to the 0 K stable structure as the second law of thermodynamics demands that the (free) energy per atom is a convex function of the relative concentrations of the atoms (see Figure 1) .
Average voltages for the structures lying on the hull were calculated from the available DFT total energies. For two given phases on the hull, A x 1 B and A x 2 B with x 2 > x 1 , the following two phase reaction is assumed,
The voltage, V, is given by, 37
where it is assumed that the Gibbs energy can be approximated by the internal energy, as the pV and thermal energy contributions are small. 37 The low energy structures obtained by the AIRSS search were refined with higher accuracy using a k-points spacing finer than 2π × 0.03Å
and an energy cut-off of 650 eV for Li-P and 800 eV for Na-P and more accurate pseudopotentials 1 . The structures obtained from the ICSD were relaxed with the same level of theory and the formation energies and voltages were obtained. The same level of accuracy was used to calculate the 1 Pseudopotentials generated by the CASTEP on-the-fly generator: Li 1|1.2|10|15|20|10U:20(qc=6) Na 2|1.3|1.3|1.0|16|19|21|20U:30U:21(qc=8) P 3|1.8|2|4|6|30:31:32 nuclear magnetic shielding of the structures on the convex hull employing the gauge-includingprojector-augmented-wave (GIPAW) algorithm 38 implemented in CASTEP and the electronic density of states. The latter were calculated with the OptaDOS code 39 using the linear extrapolative scheme. 40, 41 Phonon dispersion curves were calculated using Density Functional Perturbation Theory in CASTEP. 42 Norm-conserving pseudopotentials 2 were used, the Brillouin zone was sampled using a Monkhorst-Pack grid 36 with a k-point spacing finer than 2π × 0.03 Å −1 and the plane wave basis set was truncated at an energy cut-off of 1000 eV. The structures were fully relaxed at this level of accuracy. The NMR parameters and density of states of black P were calculated with the CASTEP semi empirical dispersion correction, 43 using the scheme of Grimme (G06). 44 Results Lithium phosphide Figure 1 shows the formation energy as a function of lithium concentration of the low-energy structures obtained by the search. The stable structures found on the convex hull, in increasing lithium concentration order, are black P-Cmca, LiP 7 -I4 1 /acd, 45 Li 3 P 7 -P2 1 2 1 2 1 , 46 LiP-P2 1 /c, 47 Li 3 P-P6 3 /mmc 48 and Li-Im3m. A novel DFT Li 4 P 3 -P2 1 2 1 2 1 phase is found 4 meV/f.u. above the convex hull, well within DFT accuracy. All the known Li-P phases are found on the convex hull, except for LiP 5 -Pna2 1 45 which is found 12 meV/f.u. from the convex tie-line in our 0 K DFT calculation. The average voltage profile was calculated between pairs of proximate stable structures relative to Li metal. A plot of the average voltages as a function of Li concentration is presented in Figure  2 . Table 1 summarises the structures presented in Figure 1 . The convex hull construction reveals 2 Pseudopotentials generated by the CASTEP on-the-fly generator: Li 1|1.2|18|21|24|10N:20N(qc=8) Na 2|1.5|20|23|26|20N:30N:21N(qc=8) P 1|1.6|6|7|8|30N:31L:32N new metastable structures, which are of importance when studying the lithiation process of the anode during cycling, as the anode is unlikely to reach thermodynamic equilibrium during charge and discharge. We identify that the structures can be categorised in four main regions according to their P ionic arrangement, as is highlighted in Figure 1 . As the Li concentration is increased, the structures change as following: tubes, cages and 3-D networks → chains and broken chains → P dumbbells → isolated P ions. For 0 ≤ x ≤ 0.5 in Li x P structures are composed mainly by tubes, cages and 3-D networks where threefold P bonding is mainly favoured. The least lithiated phase found on the hull is LiP 7 which shows tubular helices of connected P 7 cages along the [001] axis. LiP 6 -R3m and LiP 5 -Pna2 1 exhibit relatively similar structures formed by a 3-D networks with the majority of the P ions threefold bonded. The next structure found on the convex hull is Li 3 P 7 , where the phosphorus tubes are broken, forming isolated P 7 cages dispersed in the 3D structure.
In the 0.5 < x < 1.33 region the structures are significantly different, tending to form chains and broken chains. The structure of Li x P x , x=5-9, has recently received attention in the context of inorganic double-helix structures, 51 where it was shown that AIRSS predicts the P2 1 /c symmetric Li 1 P 1 bulk phase; moreover, the stability of an isolated double-helix was demonstrated by phonon calculations. Two phases are found very close to The convex hull (tie-line) is constructed by joining the stable structures obtained by the searches. The convex hull has been divided in four main regions to guide the eye, highlighting the kind of ionic arrangement in each region. Selected structures are shown with green and purple spheres denoting Li and P atoms, respectively, with the purple lines indicating P-P bonds. For a full description of the phases, see Table 1 . Table 1 : Description of the experimental and predicted Li x P phases. We indicate with a star ( ) the stable phases which are found on the convex hull. We identify four main regions with different ionic arrangements; for 0 ≤ x ≤ 0.5 the structures show tubes, cages and 3-D networks composed of three and two P bonds, for 0.5 < x < 1.33 P chains and broken chains, for 1.33 < x ≤ 2 P dumbells and for concentrations larger than x = 2 the structures are mainly composed of isolated P ions. Figure 9 . The stability of a structure in terms of lattice dynamics is confirmed by the absence of any imaginary frequency in the Brillouin zone. For 1.33 < x ≤ 2 two structures are found by AIRSS, Li 2 P-P2 1 /c and Li 3 P 4 -C2/m, which form P-P dumbbells. Dumbbell formation in Li-X (X=S,Si,Ge) systems, has played an important role in the interpretation of the electrochemical behaviour in terms of structure transformation. 29, 30, 52 For concentrations larger that x=2 the P structures are formed by isolated P ions. The most lithiated phase found on the convex hull is Li 3 P, 14 a phase which is generally observed at the end of discharge in electrochemical experiments. 9, 20, 24 Three more structures are found by the AIRSS searches for x > 3, Li 4 P, Li 5 P and Li 6 P, all of them composed of isolated P atoms.
The electronic density of states (eDOS) of the structures found on the convex hull were calculated with the OptaDOS code 39 and are shown in Figure 4 . All structures, except for Li, show a semiconducting-like eDOS, which is surprising especially for the phases with high lithium concentration. The experimental ability of measuring NMR spectra during charge and discharge, can be an extremely powerful tool to elucidate the structural evolution of the anode during the lithiation. 26 We have calculated the phosphorus chemical shielding for the stable structures of the Li-P system. We have included the LiP 5 Pna2 1 chemical shielding calculation for comparison with the experimental data reported in Ref. 53 . A plot of the correlation between the calculated and experimental NMR parameters of LiP 5 , 53 Li 3 P 23 and black P 25 is presented in Figure 5 , where a good correlation is seen between experimental and calculated values.
DOS (Arbitrary Units
The resulting NMR parameters of all the structures are illustrated in Figure 6 . A general trend is observed in chemical shielding, where the latter increases with the Li concentration in Li x P. We identify three main regions in the chemical shielding described in Figure 6 which can be roughly related to the amount of lithium and phosphorus nearest neighbours (See caption in Figure 6 for detailed description). 25 . The data was fitted to a linear function δ exp. = ασ calc. + σ re f . with resultant fitting parameters α = −0.96 ± 0.1 and σ re f . = 245.9 ± 34.1. The deviation of α from the ideal value of −1 is well known when correlating between calculated shielding and experimental shifts (See Ref. 54 for details), the obtained σ re f . was used to reference the presented NMR results (See Figures 6 and 11 ).
Sodium phosphide
Na-P forms similar structures to those found for Li-P, as expected due to their similar chemistry. However, the convex hull of the NaP system, as shown in Figure 7 , exhibits two main differences: first, the Li 1 P 1 phase has a lower formation energy than Na 1 P 1 by approximately -0.125 eV, the second is that the Li 3 P phase has lower formation energy than Li 1 P 1 by -0.125 eV, whereas Na 3 P has higher formation energy than Na 1 P 1 by 0.05 eV/f.u.. These differences are manifested in the calculated average voltages (see Figures 8 and 2) , where the Na-P voltage profile drops to lower values at high Na concentrations. The stable phases predicted by the DFT calculations are summarised in Table 2 .
The average voltages were calculated for Na-P and are shown in Figure 8 . The least sodiated Na-P structure found in the Na-P convex hull construction is a locally stable NaP 5 -Pnma phase, which was obtained by swapping species from LiP 5 . 45 Increasing in sodium content, two known phases are found on the convex hull, Na 3 P 11 -Pbcn 49 and Na 3 P 7 -P2 1 2 1 2 1 . 46 In the 0.45 < x < 1 region we find three structures with rather different ionic arrangements, exhibiting broken black P -like layers (NaP 2 -C2/m 55 ), P six-fold rings (Na 2 P 3 -Fddd 56 ) and in-plane connected chains ( Na 3 P 4 -R3c predicted by AIRSS). For x > 1 the structures show similar arrangements as in the Li-P system, although, unlike in Li-P, Table 2 : Description of the experimental and predicted Na x P phases. We indicate with a star ( ) the stable phases which are found on the convex hull. The Na-P structures show similar ion arrangements as those observed in Li-P (see Figure 1 for illustration), with differences in the 0.45 < x < 1 region and the absence of P dumbbells . Na-P does not seem to favour dumbbell formations. The Na 5 P 4 -C2/m obtained by swapping atoms from Na 5 As 4 50 exhibits a layered structure consisting of Na sheets separated by four-bounded in-plane P chains. This new phase is predicted to be thermodynamically stable by our calculations. Furthermore, its calculated phonon dispersion curve confirms the stability of the phase in terms of lattice dynamics. As in the Li-P system, the Na-P phases exhibit a semiconducting behaviour, except for the Na 5 P 4 phase which shows a finite value of eDOS at the Fermi energy.
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black-P Na 3 P 11 Na 3 P 7 NaP Na 5 P 4 Na 3 P Na Figure 10 : Total electronic density of states of the Na-P phases found on the convex hull. The Na-P phases exhibit a semiconductor-like eDOS, except for the Na 5 P 4 which has a finite value of eDOS at the Fermi level.
Aluminium doping of phosphorus
In order to suggest a way for improving the electrical conductivity of phosphorus anodes we have tested the effect of different extrinsic dopants on Intensity (abs.
Na 3 P 0.27 V NaP 0.53 V Na 3 P 7 0.96 V Black P Na 3 P 11 1.24 V black P 31 P Figure 11 : Calculated 31 P NMR chemical shifts for various Na-P compounds showing the change in chemical shielding as the local environment of phosphorus changes. For visualisation purposes a Lorentzian broadening is assigned to the calculated 31 P NMR parameters. For each crystallographic site a cluster with a radius of 3 Å is shown and labeled accordingly. The background has been coloured as in Figure  6 to emphasise regions in the chemical shift associated with specific atomic arrangements. Despite the similarities to the Li-P, it may be more difficult to experimentally differentiate the mid and high sodiated regions due to a more similar chemical shielding.
the electronic DOS of Li-P compounds by performing interstitial defects AIRSS searches. The initial generated structures were composed of the underlying perfect crystal plus the interstitial element positioned randomly. Consequently, the ionic positions were relaxed keeping the lattice vectors fixed. The electronic DOS of the lowestenergy structures were then calculated using Opta-DOS. Silicon and aluminium interstitial defect searches were carried out in a 2 × 2 × 1 LiP supercell composed of 32 LiP formula units, we denote these structures as 32LiP + 1Si and 32LiP + 1Al, respectively. The eDOS calculation revealed that the aluminium point defect introduces electronic states at the Fermi energy (E F ), whereas the silicon defect introduces states within the band gap but with the eDOS remaining zero at E F . To further investigate the effect of Al doping, AIRSS searches were performed in larger Li-P cells with different Li concentrations. The cells were chosen to be large enough to allow a maximum stress of ca. 0.5 GPa. Figure 12 shows the resulting eDOS of 8LiP 7 + 1Al, 64LiP + 1Al and 36Li 3 P + 1Al for the lowest-energy structure resulting from the searches. From Figure 12 , we learn that the formed Li-P compounds with different Li concentrations exhibit finite electronic DOS at E F , suggesting that doping phosphorus with aluminium could increase the electronic conductivity of the anode, thus improving its performance.
Discussion
We have presented a study of Li-P and Na-P systems using AIRSS and atomic species swapping of ICSD structures. We have shown that the combination of the two methods allows us to have access not only to the ground state structures, but also metastable phases found close to the convex hull. These structures might form at room temperature and non-equilibrium conditions, e.g., during lithiation/sodiation. The aim of this work is to elucidate the structural evolution of phosphorus anodes during the lithiation/sodiation as well as to give insights into their electronic structure, some of these aspects are discussed below.
The method of AIRSS + atomic species swap- Figure 12 : Electronic density of states in the vicinity of E F for different Li-P compounds found on the convex hull (black line -dashed background) and Li-P with one aluminium interstitial defect (dashed red line). A finite electronic DOS is found at the Fermi energy for the Li-P compounds + Al, contrary to pristine Li-P compounds which exhibit band gaps around the Fermi level.
ping has been shown to predict a variety of locally stable phases in the Li-P system (see Table 1 for full description). Combining the known phases with those predicted in this work, we are enabled to catalogue phosphorus ionic arrangements according to their lithium concentration. This has proved to be extremely valuable when attempting to understand electrochemical processes, as has been recently shown in Ref. 52 for LiS batteries. Our findings suggest that the lithiation mechanism proposed in Ref. 20 , Black P → Li x P→LiP→Li 2 P→Li 3 P, could be reinterpreted in terms of tubes, cages and 3-D networks → chains and broken chains → P dumbbells → isolated P ions. Moreover, phases found by our structure searching can clarify possible intermediate structures in a more robust way. Park et al. 20 predicted the existence of a metastable Li 2 P structure based on the appearance of a XRD peak at 2θ ≈ 22.5 • which corresponded to a molar ratio of Li:P 2 at 0.63 V. Our Li 2 P-P2 1 /c structure exhibits a high intensity predominant peak at 2θ ≈ 25 • , a discrepancy which can be attributed to the difference between the DFT and experimental lattice parameters.
The convex hull of the Na-P system predicts a locally stable NaP 5 -Pnma phase which is very close to the convex hull; this phase has been synthesised at high-pressure. 58 A new phase, Na 5 P 4 , with C2/m symmetry is predicted to be stable by the convex hull construction. The phonon dispersion of the stable phase, Na 5 P 4 -C2/m, and the Li 4 P 3 -P2 1 2 1 2 1 metastable phase found very close to the convex hull suggest that these predicted structures are mechanically stable and might be observed in future experiments.
NMR chemical shielding calculations reveal a general trend in the local environment change of both Li-P and Na-P systems as lithium/sodium content is increased. For Li-P the chemical shielding range was roughly divided in three regions, where each region was correlated to distinct local ionic arrangements. These calculations were driven by the experimental ability of measuring NMR shifts, where the assignment of the local environments of the probed ion can be particularly challenging. Na-P shows a similar trend, but due to overlap between the regions it may be more difficult to assign experimental data.
Li-P and Na-P exhibit relatively high average voltage profiles, which in principle leads to a lower voltage of the full cell and a reduced energy density. The Na-P voltage profile differs from the Li-P profile, the voltage drops to 0.28 V in the case of the Na 3 P phase, whereas in the case of Li-P it drops to 0.8 V at the same lithium concentration. Despite this disadvantage, high voltages prevent the formation of Li dendrites, thus enhancing the safety of the battery. A second advantage of high voltages versus lithium metal, is the prevention of electrochemical reduction of the electrolyte as SEI forms, which can improve the cyclability of the battery. 3 Despite several advantages, pure phosphorus shows a relatively poor cyclability. 20, 21 Park et al. 20 attributed the low performance of phosphorus anodes to its low electronic conductivity. Sun et al. 21 showed that black P samples exhibit good conductivity properties, and put the low performance of the anode down to the non-crystallinity of the samples. Our results show that even for low concentrations of Li, Li-P compounds can exhibit a relatively large band gap, e.g. 1.7 eV for LiP 7 , compared to the experimental 0.33 eV of black P, hinting than the conducting properties of black P can be worsened as the anode is lithiated. In order to address this, we have sought to reduce the band gap of Li-P compounds by doping them with aluminium. Furthermore, we have performed a preliminary study on the effect of Ge and Ga doping on Li-P compounds electronic structure, where results show a similar behaviour as Si and Al respectively. 32LiP +1Ga exhibits a larger eDOS at E F compared to 32LiP +1Al, 22.88 eln/cell and 10.78 eln/cell respectively. However, the lighter weight and high abundance of aluminium make it a promising dopant.
Summary
We have presented above an ab initio study of phosphorus anodes for Li and Na-ion batteries and proposed a theoretical lithiation/sodiation process using the structure prediction AIRSS method. Our searches reveal the existence of a variety of metastable structures which can can appear in outof-equilibrium processes such as charge and dis-charge. In particular, a Li 4 P 3 -P2 1 2 1 2 1 AIRSS structure found to lie very close to the convex hull and a new Na 5 P 4 -C2/m structure obtained by the species swapping method found stable at 0 K. The dynamical stability of these structures was probed by phonon calculations. Our calculations showed a high theoretical voltage vs Li metal for Li-P, which makes phosphorus a good candidate for safe anodes at high rate charges. We have calculated 31 P NMR chemical shielding and related them to local structure arrangements, which combined with future 31 P NMR experiments can elucidate lithiation and sodiation mechanisms. Finally we have studied the effect of dopants on the electronic structure of Li-P compounds, where we conclude that doping the anode with aluminium can improve its electrochemical behaviour.
